Although the platinum-based anticancer drugs cisplatin, carboplatin, and oxaliplatin have similar DNA-binding properties, only oxaliplatin is active against colorectal tumors. The mechanisms for this tumor specificity of platinum-based compounds are poorly understood but could be related to differences in uptake. This study shows that the human organic cation transporters (OCT) 1 and 2 (SLC22A1 and SLC22A2) markedly increase oxaliplatin, but not cisplatin or carboplatin, accumulation and cytotoxicity in transfected cells, indicating that oxaliplatin is an excellent substrate of these transporters. The cytotoxicity of oxaliplatin was greater than that of cisplatin in six colon cancer cell lines [mean F SE of IC 50 in the six cell lines, 3.9 F 1.4 Mmol/L (oxaliplatin) versus 11 F 2.0 Mmol/L (cisplatin)] but was reduced by an OCT inhibitor, cimetidine, to a level similar to, or even lower than that of, cisplatin (29 F 11 Mmol/L for oxaliplatin versus 19 F 4.3 Mmol/L for cisplatin). Structure-activity studies indicated that organic functionalities on nonleaving groups coordinated to platinum are critical for selective uptake by OCTs. These results indicate that OCT1 and OCT2 are major determinants of the anticancer activity of oxaliplatin and may contribute to its antitumor specificity. They also strongly suggest that expression of OCTs in tumors should be investigated as markers for selecting specific platinum-based therapies in individual patients. The development of new anticancer drugs, specifically targeted to OCTs, represents a novel strategy for targeted drug therapy. The results of the present structure-activity studies indicate specific tactics for realizing this goal. (Cancer Res 2006; 66(17): 8847-57) 
Introduction
Platinum-based drugs are among the most active anticancer agents, and cisplatin represents one of the three most widely used cancer chemotherapeutics (1) . Although cisplatin is effective against several solid tumors, especially testicular and ovarian cancer, its clinical use is limited because of its toxic effects as well as the intrinsic and acquired resistance of some tumors to this drug (2) . To overcome these limitations, platinum analogues with lower toxicity and greater activity in cisplatin-resistant tumors have been developed and tested, resulting in the approval of carboplatin and oxaliplatin in the United States (see Fig. 1 ). Carboplatin has the advantage of being less nephrotoxic, but its cross-resistance with cisplatin limits its application in otherwise cisplatin-treatable diseases (2) . Oxaliplatin, however, exhibits a different anticancer spectrum from that of cisplatin (3, 4) . It has been approved as the first-line or second-line therapy in combination with 5-fluorouracil (5-FU)/leucovorin for advanced colorectal cancer, for which cisplatin and carboplatin are essentially inactive (5) . In spite of their distinct antitumor specificities, cisplatin and oxaliplatin, as well as other platinum compounds, share similar mechanisms of action. In particular, their cytotoxicity arises primarily from covalent binding to DNA after aquation to form monoaqua and diaqua complexes (6, 7) . This chemistry initiates a series of biochemical cascades, eventually leading to cell death (6, 8) .
Because cisplatin and oxaliplatin target similar DNA sites for binding and form similar types of DNA adducts (9-13), mainly 1,2-intrastrand and 1,3-intrastrand cross-links involving purine nucleotides, the mechanisms responsible for their distinct tumor specificities may involve events other than their interaction with and binding to DNA. Studies aiming to identify such mechanisms have focused largely on the cellular processing of cisplatin-DNA and oxaliplatin-DNA adducts (14, 15) . However, differences in the mechanism(s) controlling the cellular uptake and efflux of these platinum compounds, although rarely investigated, could also be important because reduced intracellular accumulation is the most common observation in cisplatin-resistant cells (16) .
Recent studies suggest a direct involvement of the human copper influx transporter Ctr1 in the cellular uptake of cisplatin, carboplatin, and oxaliplatin to a varying extent (17) . Studies in tumor cell lines suggest, however, that Ctr1 may not affect the formation and corresponding cytotoxicity of cisplatin-DNA adducts (18) . The human copper efflux transporters ATP7B and ATP7A also recognize these platinum compounds, and their elevated expression has been associated with cisplatin resistance (16) . The importance of these interactions in modulating the differential activity and tumor specificity of the platinum compounds is currently unknown.
The organic cation transporters (OCT) 1 [solute carrier 22A1 (SLC22A1)], 2 (SLC22A2), and 3 (SLC22A3) are in the class of plasma membrane transporters belonging to the SLC22A family (19, 20) . The OCTs mediate intracellular uptake of a broad range of structurally diverse organic cations with molecular masses generally lower than 400 Da (19, 20) . Substrates of OCTs include endogenous compounds, such as choline, creatinine, and monoamine neurotransmitters, and a variety of xenobiotics, such as tetraethylammonium (TEA; a prototypic organic cation), 1-methyl-4-phenylpyridinium (MPP + ; a neurotoxin), and clinically used drugs, such as metformin, cimetidine, and amantadine (19) . In humans, OCT1 is primarily expressed in the liver (20) (21) (22) and less so in the intestine (23) , whereas OCT2 is predominantly expressed in the kidney (20, 22) . OCT3 is expressed in many tissues, including placenta, heart, liver, and skeletal muscle (24, 25) . The expression of the OCTs has also been detected in several human cancer cell lines (26) . The interaction of cisplatin with human OCTs has been investigated, and the results are discordant (27, 28) . Previous studies suggest that cisplatin is not a substrate of human OCT1 or OCT2 (27) , whereas more recent work indicates that the drug interacts with human and rat OCT2 but not OCT1 (28, 29) . It is not known whether oxaliplatin or carboplatin interacts with these transporters, however, or whether such interactions contribute to their cytotoxicities and differential tumor specificities.
The goals of the present study were to characterize the interaction of cisplatin, carboplatin, and oxaliplatin with human OCT1, OCT2, and OCT3, to determine whether interactions with OCTs contribute to the differential antitumor specificity of oxaliplatin versus cisplatin, and to understand in a broader context the underlying chemical principles that determine these differences. Our data indicate that OCT1 and OCT2 play a critical role in mediating the uptake and consequent cytotoxicity of oxaliplatin but not cisplatin or carboplatin. Structure-activity relationship studies suggest that the 1,2-diaminocyclohexane (DACH) moiety of oxaliplatin is an important pharmacophore for its interaction with the OCTs and that an organic component on the nonleaving portion of the platinum complexes is essential. Finally, our experiments suggest that interactions with OCT1 and OCT2 are likely to be important contributors to the sensitivity of colorectal cancer to oxaliplatin.
Materials and Methods

Drugs and Reagents
Cisplatin, carboplatin, oxaliplatin, cimetidine, disopyramide, MPP + , and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO). Solutions of carboplatin (10 mmol/L) and oxaliplatin (5 mmol/L) were freshly prepared in water.
A solution of cisplatin (2 mmol/L) was made in PBS. These stock solutions were immediately aliquoted, stored frozen at À20jC, and discarded 1 month after preparation. [Methyl-
3 H]MPP + was from Perkin-Elmer (Boston, MA), and TEA bromide [ethyl-1- 14 C] was from American Radiolabeled Chemicals (St. Louis, MO). Hygromycin B and G418 were from Invitrogen (Carlsbad, CA). The cell culture media DMEM, RPMI 1640, and fetal bovine serum (FBS) were from the Cell Culture Facility of the University of California at San Francisco (San Francisco, CA).
Cell Lines and Transfection
Madin-Darby canine kidney (MDCK) cells stably transfected with the fulllength human OCT1 cDNA (MDCK-hOCT1) and with the empty vector (MDCK-MOCK) were established previously in our laboratory (30) . Human embryonic kidney (HEK) 293 cells transfected with pcDNA5/FRT vector (Invitrogen) containing the full-length human OCT2 cDNA (HEKhOCT2) and with the empty vector (HEK-MOCK) were established using LipofectAMINE 2000 (Invitrogen) per manufacturer's instructions. The stable clones were selected with 75 Ag/mL hygromycin B. HEK 293 cells transfected with pcDNA3 vector containing the full-length human OCT3 cDNA (HEK-hOCT3) and with the empty vector (HEK-MOCK) were also established using LipofectAMINE 2000. The stable clones were selected with 600 Ag/mL G418. The pcDNA3 vector containing the full-length human OCT3 cDNA was kindly provided by Dr. Bonisch (Institute of Pharmacology and Toxicology, University of Bonn, Bonn, Germany). All the colon cancer cell lines (LS180, SW620, DLD, HCT116, HT20, and RKO) used in the present study were from the American Type Culture Collection (Manassas, VA).
Cell Culture
The culture medium for stably transfected MDCK and HEK 293 cells is DMEM supplemented with 10% FBS and 100 units/mL penicillin, 100 Ag/mL streptomycin, (Invitrogen), and with the respective selection antibiotics. The culture medium for all the colon cancer cell lines is RPMI 1640 containing 10% FBS, 100 units/mL penicillin, and 100 Ag/mL streptomycin. All cell lines were grown at 37jC in a humidified atmosphere with 5% CO 2 /95% air.
Drug Sensitivity Assay
The cytotoxicity of the platinum compounds was measured by the MTT assay in 96-well plates at a predetermined cell density. After overnight incubation, the platinum compounds with or without an OCT inhibitor (cimetidine or disopyramide) were then added to the culture medium to give the indicated final concentrations. After drug exposure, the drugcontaining medium was replaced with fresh, drug-free medium and the incubation was continued for a total of 72 hours starting from the addition 8848 www.aacrjournals.org of platinum compounds. MTT assays were done as described previously (31) . The IC 50 values were obtained by fitting F, the percentage of the maximal cell growth at different drug concentrations, to the equation
)] using WinNonlin (Pharsight, Mountain View, CA). The maximal cell growth was the cell growth in the medium without any platinum compounds; C is the concentration of the platinum compound and g is the slope factor. 
Cellular Accumulation of Platinum
The cellular accumulation of platinum was determined as described previously (18) with some modifications. Briefly, the cells were incubated in the culture medium containing the indicated platinum compounds with or without an OCT inhibitor at 37jC in 5% CO 2 for 2 hours unless specified. After incubation, cells were washed with ice-cold PBS, harvested, and pelleted by centrifugation at 400 Â g and at 4jC for 15 minutes. The cell pellets were dissolved in 70% nitric acid at 65jC for at least 2.5 hours. Distilled water containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added to the samples to dilute nitric acid to 7%. The platinum content was measured by inductively coupled plasma mass spectrometry (MS) in the Analytical Facility at the University of California at Santa Cruz (Santa Cruz, CA). Cell lysates from a set of identical cultures were used for BCA protein assay.
Platinum-DNA Adduct Formation
The platinum content associated with genomic DNA was determined as described previously (32) with some modifications. Briefly, the cells were incubated in the culture medium containing the specified platinum compounds with or without an OCT inhibitor at 37jC in 5% CO 2 for 2 hours (or 25 minutes as specified). In some experiments, phosphate buffer [PB; 1.06 mmol/L KH 2 PO 4 , 2.97 mmol/L Na 2 HPO 4 (pH 7.4)] containing 155 mmol/L NaCl (PB-Cl buffer) or 103 mmol/L Na 2 SO 4 (PB-SO 4 buffer) was used instead of the culture medium as specified. After incubation, the cells were washed with ice-cold PBS, scraped, and pelleted. Genomic DNA was isolated from the cell pellets using Wizard Genomic DNA Purification kit (Promega, Madison, WI) following the manufacturer's instructions. The genomic DNA prepared from two different aliquots of the supernatant (after protein precipitation) was used for platinum (as described above) and DNA content determination, respectively. DNA content was measured by absorption spectroscopy at 260 nm.
RNA Isolation
Total RNA was isolated from cultured cells (70-80% confluent) using an RNeasy Mini kit (Qiagen, Valencia, CA) following the manufacturer's instructions. Samples of tumor and normal colon mucosa were collected from colon cancer resection from the Department of Surgery, Queen Mary Hospital, University of Hong Kong (Pokfulam, Hong Kong, Republic of China). Tissues were frozen in liquid nitrogen within 0.5 hour after they were resected. Total RNA was extracted using Trizol (Invitrogen). This study was approved by the Ethics Committee of the University of Hong Kong and the Internal Review Board of University of California at San Francisco.
Reverse Transcription-PCR
Reverse transcription-PCR (RT-PCR) was done by standard methods. Sense and antisense primers for the PCRs are listed in Supplementary Table S1. All sets of primers were designed to anneal with sequences in different exons of the genes. Real-time PCR was carried out using Taqman Universal Master Mix (Applied Biosystems, Foster City, CA). Primer and probe sets for each gene were Assays-on-Demand purchased from Applied Biosystems. Reactions were run on an ABI Prism 7700, and cycling conditions were as follows: 50jC for 2 minutes, 95jC for 10 minutes followed by 45 cycles of 95jC for 15 seconds and 60jC for 1 minute. The expression of specific transcripts relative to a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control is reported as the level relative to the expression in a colon cancer sample ''T10, '' which has some degree of both OCT1 and OCT2 expression.
Synthesis of Platinum Analogues
Potassium tetrachloroplatinate(II) was a gift from Engelhard Corp. (Iselin, NJ), and the starting materials cisplatin and potassium amminetrichloroplatinate(II) were synthesized as reported (33, 34) . 2+ was obtained by filtering the reaction mixture to remove the silver chloride precipitate.
Statistical Analysis
The differences between the mean values were analyzed for significance using Student's t test. Ps < 0.05 were considered statistically significant.
Results
OCT Expression and Function in Stably Transfected Cell Lines
The expression and function of human OCTs in the stably transfected cells were confirmed by RT-PCR and by examining the uptake of the model OCT substrates (TEA for OCT1 and OCT2 and MPP + for OCT3). The expression of the mRNA transcripts of OCT1, OCT2, and OCT3 and uptake of model compounds were clearly much higher in OCT-transfected cells compared with empty vector-transfected control counterparts (MOCK cells; Supplementary Figs. S1 and S2). OCT inhibitors [disopyramide (120 Amol/L) for OCT1 and cimetidine (1.5 mmol/L) for OCT2 and OCT3] substantially decreased the uptake of the model compounds in the OCT-transfected cells (P < 0.001; Supplementary Fig. S2 ).
Effect of OCTs on the Cytotoxicity of Cisplatin, Carboplatin, and Oxaliplatin
The IC 50 values of oxaliplatin in MDCK-MOCK cells after different times (7, 24 , and 72 hours) of drug exposure were all significantly higher than those in MDCK-hOCT1 cells. Resistance factors, defined as the ratio of the IC 50 value in MOCK cells to that in the corresponding OCT-transfected cells, ranged from 5.7 to 8.5 (P < 0.01 or 0.001; Table 1A ; Fig. 2A ). In contrast, the IC 50 values of both cisplatin and carboplatin were similar in MDCK-hOCT1 and in the MDCK-MOCK cells with resistance factor values close to unity (P > 0.05; Table 1A ). Furthermore, coincubation with a known OCT1 inhibitor, disopyramide (150 Amol/L), substantially increased the IC 50 value of oxaliplatin in MDCK-hOCT1 (control versus disopyramide treated, 3.8 F 1.6 Amol/L versus 23 F 11 Amol/L) by 6-fold (P < 0.05) with little effect in MDCK-MOCK (control versus disopyramide treated, 30 F 9.3 Amol/L versus 32 F 13 Amol/L; P > 0.05) tested in parallel (Fig. 2D ). Disopyramide itself did not manifest any cytotoxicity up to a concentration of 400 Amol/L under the same test conditions (data not shown). These results indicate that OCT1 enhances the cytotoxicity of oxaliplatin but not that of cisplatin or carboplatin. A similar pattern of observations was obtained in human OCT2-transfected cells, but the increase in oxaliplatin cytotoxicity was much more pronounced (Fig. 2B) . The IC 50 values of oxaliplatin after different times (7, 24 , and 72 hours) of exposure were all markedly greater in HEK-MOCK cells than in HEK-OCT2 cells with resistance factor values ranging from 48 to 77 (P < 0.05 to P < 0.001; Table 1B ; Fig. 2B ). However, the IC 50 values of cisplatin and carboplatin were only slightly higher in HEK-MOCK cells than in HEK-OCT2 cells with resistance factor values f2 after 7-hour drug exposure (Table 1B) . Coincubation with an OCT inhibitor, cimetidine (1.5 mmol/L), dramatically increased the oxaliplatin IC 50 (control versus cimetidine treated, 0.039 F 0.025 Amol/L versus 2.8 F 1.6 Amol/L) by 72-fold (P < 0.05) in HEK-hOCT2 cells, with only a 3.2-fold increase in HEK-MOCK cells (control versus cimetidine treated, 3.0 F 1.5 Amol/L versus 9.5 F 3.0 Amol/L; P < 0.05; Fig. 2E ). Cimetidine itself did not exhibit cytotoxicity up to a concentration of 5 mmol/L under the same test conditions (data not shown). These results indicate that OCT2 markedly enhances the cytotoxicity of oxaliplatin with only slight effects on the cytotoxicities of cisplatin and carboplatin. In contrast to OCT1 and OCT2, overexpression of human OCT3 did not affect the cytotoxicity of any of the platinum drugs (Table 1C ; Fig. 2C ).
Platinum Accumulation Rates in Cells after Exposure to Cisplatin, Carboplatin, and Oxaliplatin
The cellular platinum accumulation rate after 2 hours of exposure to oxaliplatin (6 Amol/L) in MDCK-hOCT1 cells [ (Fig. 3B) . These results indicate that OCT2 plays a critical role in the uptake of oxaliplatin in the transfected cells with a much lower effect on the uptake of cisplatin or carboplatin. In contrast to OCT1 and OCT2, OCT3 overexpression did not affect the uptake of any of these platinum drugs (Fig. 3C ).
Platinum-DNA Adduct Formation after 2-Hour Exposure to Oxaliplatin
To determine whether the oxaliplatin taken up by cells via the human OCT1 and OCT2 transporters was available for DNA binding, we also measured platinum-DNA adduct formation after a 2-hour exposure to oxaliplatin (Fig. 4) . 
Structure-Activity Relationships for Platinum-OCT Interactions
To investigate the structure-activity relationship for platinum-OCT interactions, the drug sensitivities (IC 50 ) and resistance factor values of nine platinum complexes (including R,R-isomers and S,S-isomers for two compounds; Fig. 1 ) in both OCT-transfected cells and the corresponding MOCK cells were determined (Table 2A and B): the higher the resistance factor values indicates greater recognition by the OCT.
Platinum-OCT1 interaction. (a) Nature of the nonleaving group(s): resistance factor values <2 were obtained for platinum complexes with diamine nonleaving groups, including cisplatin, carboplatin, and [Pt(NH 3 ) 2 (trans-1,2-(OCO) 2 C 6 H 10 )], indicating that platinum compounds with this purely inorganic nonleaving unit are poorly recognized by OCT1 (Table 2A) . However, when the nonleaving group(s) contained an organic component, as in [Pt(en)Cl 2 ], which has two methylene groups between the amine functionalities, the resistance factor value increased to 3.3. Moreover, with increasing size of the organic component of the .) of an OCT inhibitor (disopyramide for OCT1 and cimetidine for OCT2) was also simultaneously determined in a similar fashion. When the OCT inhibitors were used, disopyramide (150 Amol/L) or cimetidine (1.5 mmol/L) was added to the incubation medium immediately before the addition of oxaliplatin. Lines, predicted data obtained by fitting the observed data using WinNonlin. Data from a typical experiment. Three to six independent experiments were done, and similar results were obtained. For clarity, the bars (SD) in (D ) and (E ) were eliminated. nonleaving group(s), the interaction of a platinum compound with OCT1 increased. For example, the platinum compounds cis-[Pt(NH 3 )(Cy)Cl 2 ], the R,R-isomers and S,S-isomers of oxaliplatin and [Pt(DACH)Cl 2 ], which all have a 6-C cyclohexyl moiety as part of their nonleaving group, had high resistance factor values (9.0-28; Table 2A ). Therefore, it seems that the composition of the nonleaving group(s) of a platinum compound is an important determinant of its interaction with OCT1. Lastly, different isomers of the DACH-substituted platinum complexes seem to interact similarly with OCT1. The R,R-isomers and S,S-isomers of oxaliplatin (R,R versus S,S, 22 versus 21) and [Pt(DACH)Cl 2 ] (R,R versus S,S, 23 versus 28) have similar resistance factor values (Table 2A) Table 2A ). In addition, cisplatin, carboplatin, and [Pt(NH 3 ) 2 (trans-1,2-(OCO) 2 C 6 H 10 )], all of which have different leaving groups but identical nonleaving groups, had similar resistance factor values (1.1-2.0; Table 2A ). Moreover, a cyclohexane ring, when present in the nonleaving group(s) of a platinum complex, such as in those DACH compounds, markedly increases OCT1 interaction (resistance factor, 21-28) compared with diamine ligands (resistance factor, 1.1-2.0). However, when the cyclohexane ring was incorporated into the leaving group, as in [Pt(NH 3 ) 2 (trans-1,2-(OCO) 2 C 6 H 10 )], it had no effect on the OCT1 interaction, the resistance factor value of [Pt(NH 3 ) 2 (trans-1,2-(OCO) 2 C 6 H 10 )] being 2.0 (Table 2A) .
Platinum-OCT2 interaction. The structure-activity relationship for platinum-OCT1 interactions determined above also applies to platinum-OCT2 interactions because similar patterns of resistance factor values were obtained in OCT2-overexpressing cells (Table 2B) as those in OCT1-overexpressing cells (Table 2A) for these platinum compounds.
Identification of the Chemical Form of Oxaliplatin That Is the Substrate(s) of OCT1
Multiple chemical species exist in equilibrium when platinum complexes are dissolved in an aqueous solution containing high concentrations of chloride ion (38, 39) . Therefore, identification of the chemical species that are taken up by OCT1 would contribute to our understanding of the structure-activity relationship of platinum-OCT1 interactions. In chloride-containing media, such as plasma [ 2+ species (40) . The monoaqua and diaqua cations are the active forms of oxaliplatin, which bind to DNA. Considering the general properties of OCT substrates, which are positively charged small organic compounds, it is likely that the monoaqua and/or diaqua chemical species, having one or two positive charges, are the chemical forms taken up by OCT1.
To investigate experimentally the oxaliplatin-derived species taken up by OCT1, we first measured the platinum-DNA adduct formation in both MDCK-hOCT1 and MDCK-MOCK cells after incubation with oxaliplatin (20 Amol/L) in chloride-free buffer (PB-SO 4 ). In this buffer, oxaliplatin should remain predominantly intact because the affinity of sulfate for platinum(II) is much lower Figure 3 . Cellular accumulation rates of platinum after 2-hour exposure to cisplatin, carboplatin, and oxaliplatin. The cellular accumulation rates of platinum in OCT1-transfected (A), OCT2-transfected (B), and OCT3-transfected (C ) cells and in the corresponding MOCK cells after incubation with cisplatin, carboplatin, and oxaliplatin in the presence (white columns) or absence (black columns ) of an OCT inhibitor (disopyramide for OCT1 and cimetidine for OCT2 and OCT3) were determined as described in Materials and Methods. Briefly, MDCK cells (A) were incubated in the antibiotic-free medium containing cisplatin (6 Amol/L), carboplatin (20 Amol/L), or oxaliplatin (6 Amol/L) at 37jC and 5% CO 2 for 2 hours. For the inhibitor studies, the incubation medium also contained disopyramide (150 Amol/L). B, HEK 293 cells were incubated in the antibiotic-free medium containing cisplatin (0.3 Amol/L), carboplatin (10 Amol/L), or oxaliplatin (0.3 Amol/L) at 37jC and 5% CO 2 for 2 hours. For the inhibitor studies, the incubation medium also contained cimetidine (1.5 mmol/L). C, the study was done similarly as in (B ), except that the concentrations of cisplatin, carboplatin, and oxaliplatin in the incubation medium were 2, 10, and 2 Amol/L, respectively. Columns, mean of six measurements for OCT1 and OCT2 and of three measurements for OCT3; bars, SD.
than that of chloride (39) . Displacement of the oxalate group by water will be a relatively slow process. In addition, we used short incubation times (25 (1 Amol/L) in the PB-SO 4 buffer for 25 minutes. Under these conditions, the platinum complex will be a mixture of diaqua (83%) and aqua/hydroxo (17%) species. Here, the percentage was calculated based on the pK a values of 6.14 and 7.56 for the diaqua and aqua/hydroxo forms of oxaliplatin, respectively (41) , and the pH value of 7.4 for the incubation buffer. We assumed no coordination of sulfate ion to platinum. The DNA-associated platinum level in MDCK-hOCT1 cells (0.0100 F 0.0108 pmol/Ag DNA, r b = 3.37 F 3.63 Â 10 À6 ) was similar (P > 0.05) to that in MDCK-MOCK cells (0.0134 F 0.00458 pmol/Ag DNA, r b = 4.51 F 1.54 Â 10 À6 ; Fig. 5 ), suggesting that the diaqua form is not an OCT1 substrate. Whether the aqua/ hydroxo form, which carries one positive charge, can be taken up by OCT1 remains unclear. Taken together, these studies suggest that a monoaquated form of oxaliplatin, either the chloro or hydroxo species, both of which carry one positive charge, is the actual substrate of OCT1.
Expression of OCT1 and OCT2 in Colon Cancer Cell Lines and Tissue Samples
Because oxaliplatin is currently approved for advanced colon cancer therapy, we determined the expression of OCT1 and OCT2 in colon cancer cell lines and tumor samples. As shown in Fig. 6 and Supplementary Table S2, expression of OCT1 mRNA was detected in the six colon cancer cell lines tested in this study (LS180, DLD, SW620, HCT116, HT29, and RKO) and expression levels showed no substantial differences among these cell lines. Four normal colon tissue samples and 20 colon tumor samples exhibited variable OCT1 expression levels. OCT2 was not detected in any of the cell lines or in the normal colon tissue samples; however, 11 of the 20 tumor samples showed significant OCT2 expression ( Fig. 6; Supplementary Table S2 ).
The Effect of an OCT Inhibitor, Cimetidine, on Drug Sensitivity of Cisplatin and Oxaliplatin in Colon Cancer Cell Lines
To evaluate the potential role of OCT1 in the cytotoxicity of oxaliplatin and to determine whether OCT1 contributes to the differences in activities of cisplatin and oxaliplatin, we determined the sensitivities (IC 50 ) of the colon cancer cells to both oxaliplatin and cisplatin in the presence or absence of an OCT inhibitor, cimetidine (1.5 mmol/L). The resistance factor due to the presence of cimetidine was defined as the ratio of the IC 50 value in the presence of cimetidine to that in its absence. As shown in Table 2C , the sensitivity of cells to oxaliplatin was higher (lower IC 50 ) than to cisplatin in each of the tested colon cancer lines in the absence of cimetidine [control, the mean F SE of IC 50 in the six cell lines, 3.9
However, in the presence of cimetidine, sensitivity to oxaliplatin was substantially decreased in each of the cell lines [resistance factor values ranged from 5.0 to 11 (P < 0.001)], resulting in IC 50 values comparable with, or even higher than, those of cisplatin [mean F SE of IC 50 in the six cell lines, 29 F 11 Amol/L (oxaliplatin) versus 19 F 4.3 Amol/L (cisplatin)]. The effect of cimetidine on cisplatin sensitivity was small (range of resistance factor values, 1.4-2.5; Table 2C ).
Discussion
The striking activity of cisplatin in an otherwise fatal disease, testicular cancer, has been established by 30 years of clinical Figure 4 . Platinum-DNA adduct formation after 2-hour exposure to oxaliplatin. The content of platinum bound to DNA after 2-hour exposure to oxaliplatin in the presence (white columns ) or absence (black columns ) of an OCT inhibitor (disopyramide for OCT1 and cimetidine for OCT2) was determined as described in Materials and Methods. Briefly, MDCK cells (A ) were incubated in the antibiotic-free medium containing oxaliplatin (10 Amol/L) with or without disopyramide (150 Amol/L). B, HEK 293 cells were incubated in the antibioticfree medium containing oxaliplatin (0.6 Amol/L) with or without cimetidine (1.5 mmol/L). After incubation at 37jC and 5% CO 2 for 2 hours, the cells were washed and pelleted. The platinum content associated with genomic DNA was determined and normalized for DNA content. Columns, mean of typical experiment done in triplicate; bars, SD. Two independent experiments were conducted, and similar results were obtained.
experience. However, acquired and intrinsic resistance limits its application to a relatively narrow range of tumor types. To broaden the anticancer spectrum of this platinum agent, thousands of structural analogues have been tested. Cisplatin analogues with two amine ligands, such as carboplatin and nedaplatin (approved in Japan), are cross-resistant with cisplatin (42) . Analogues with different ligands display more diverse activity profiles (3) . Notably, oxaliplatin, with DACH in place of the two amine ligands, in combination with 5-FU/leucovorin, produced response rates twice that of 5-FU/leucovorin regimens alone in the treatment of colorectal cancer (43) , against which cisplatin is inactive (5). Efforts to understand the differences in oxaliplatin versus cisplatin NOTE: The IC 50 values (Amol/L) of all the platinum complexes, except for carboplatin, after 7 hours of drug exposure were determined in parallel using a MTT assay as described in Materials and Methods (A and B). The data for carboplatin in (A) and (B) were taken from Table 1A and B, respectively, and were not determined simultaneously with the other compounds. The resistance factor was defined as the ratio of the mean IC 50 value in the MOCK cells to that in the OCT-transfected cells. The IC 50 values (Amol/L) of oxaliplatin and cisplatin in the colon cancer cell lines (7 hours of drug exposure) were determined in the presence or absence (control) of cimetidine (1.5 mmol/L) in parallel (C). The cell seeding density was 6,000, 8,000, 6,000, 15,000, 12,000, and 4,000 cells per well for HCT116, HT29, RKO, SW620, LS180, and DLD cells, respectively. When cimetidine (1.5 mmol/L) was used, it was added to the wells immediately before the addition of the platinum drugs. The resistance factor was defined as the ratio of the mean IC 50 value in the presence to that in the absence of cimetidine. All the data are expressed as mean F SD of six measurements, and each measurement was done in quadruplicate. *P < 0.01. cP < 0.001. bThe IC 50 value of oxaliplatin is significantly lower than that of cisplatin in the absence of cimetidine.
x P < 0.05.
antitumor activity have focused mainly on the cellular processing of cisplatin-DNA and oxaliplatin-DNA adducts (14, 15, 44) . Defects in mismatch repair cause modest to moderate resistance to cisplatin but not to oxaliplatin (44, 45) . Differences in the mechanism(s) controlling cellular uptake and efflux of these platinum compounds, although rarely investigated, may also contribute to their disparate activities considering the nature of their chemical structures.
In the present study, we observed that the influx transporters OCT1 and OCT2 play a critical role in the cellular uptake and consequent cytotoxicity of oxaliplatin (Table 1 ; Fig. 2 ). In contrast, the two transporters were relatively unimportant in mediating the uptake and cytotoxicity of cisplatin and carboplatin ( Table 1) . Overexpression of OCT1 and, more strikingly, OCT2 in transfected cells not only increased the rate of cellular platinum accumulation but also elevated the level of platinum-DNA adducts after oxaliplatin exposure (Figs. 3 and 4) . These effects were blocked by known OCT inhibitors. The data strongly suggest that oxaliplatin is an excellent substrate of human OCT1 and OCT2, and the cellular uptake of platinum mediated by these transporters has ready access to the key pharmacologic target (DNA). These results are in contrast to platinum uptake mediated by human Ctr1, which seems to sequester the drug in some intracellular compartment, rendering it inaccessible to the pharmacologic target (18) . It should be noted that a slight or modest increase in cisplatin and carboplatin uptake (Fig. 3A and B) was observed in MDCK-hOCT1 and HEK-hOCT2 cells compared with the corresponding MOCK cells, suggesting that cisplatin and carboplatin may be very weak substrates of human OCT1 and OCT2. A more significant interaction of cisplatin with OCT2 was obtained in a previous report (28) possibly due to higher OCT2 expression levels in the transfected cells used in that study. In contrast to the present observation, this work (28) concluded that oxaliplatin does not interact with human OCT2 based on the observation that oxaliplatin at 100 Amol/L could not inhibit the initial uptake of 4-[4-(dimethylamino)styryl]-N-methylpyridinium (a substrate of OCT2) in the OCT2-transfected HEK 293 cells. As discussed below, we showed that the chemical forms of oxaliplatin that actually interact with OCTs are most likely monoaquated species carrying one positive charge. These charged species represent only a minor fraction of all the species formed when oxaliplatin is dissolved in culture medium or PBS. Therefore, the failure to observe an oxaliplatin-OCT2 interaction in the previous study (28) may have been because the concentration(s) of charged species was too low to inhibit OCT2. Alternatively, oxaliplatin may interact with a binding site on OCT2 that is distinct from the N-methylpyridinium site; therefore, competitive inhibition may not have occurred.
It is noteworthy that expression of OCT1 or OCT2, even at low levels, may play a significant role in the cytotoxicity of oxaliplatin. We consistently observed a >3-fold increase (3.18-fold) in the IC 50 value of oxaliplatin (Fig. 2E ), but not of cisplatin or carboplatin (data not shown), in HEK-MOCK cells in the presence of the OCT inhibitor cimetidine. This result is most likely due to the inhibition of intrinsic OCT1 and/or OCT2 activity in HEK 293 cells by the OCT inhibitor. Both transporters were detected in HEK-MOCK cells in PCR studies using a cycle number of 40 (data not shown). Furthermore, cimetidine consistently produced a significant decrease in the cellular uptake of oxaliplatin, but not of cisplatin or carboplatin, in HEK-MOCK and HEK-hOCT3 cells (oxaliplatin is not a substrate of OCT3; Fig. 3B and C) . The possibility that cimetidine reacts with the platinum compounds and inactivates them was checked by in vitro studies, which revealed no binding (data not shown). Moreover, this explanation is unlikely to be of primary importance because we would have expected to observe similar effects of cimetidine on the cellular uptake and cytotoxicity of cisplatin and carboplatin. Taken together, the data suggest that even low levels of expression of OCT1 and OCT2 play a significant role in sensitizing cells to oxaliplatin.
Structure-activity relationship studies revealed that the nature of the amine ligand bound to platinum is important for interaction with OCTs, with an organic component being required for effective interaction. On the other hand, the structure of the leaving ligand seems to be unimportant. Our work suggests that a monoaqua derivative of oxaliplatin, specifically the monoaqua/monochloride species and not a divalent diaqua complex, is likely to be the preferred substrate of OCT1 (Fig. 5) . These results are probably applicable to OCT2 as well, and they are consistent with previous work showing that OCTs interact with small molecular weight monovalent organic cations (19) . These studies establish a basis for the design of additional platinum complexes to facilitate the discovery of an even more detailed structure-activity relationship, which could be used to predict and optimize cellular internalization through the OCTs. We anticipate the potential to target platinum complexes for therapy against tumors that express OCT1 and OCT2.
Our structure-activity relationship studies further suggest that OCTs do not play a major role in determining the cytotoxicity of platinum compounds with two ammine ligands, such as cisplatin, carboplatin, and nedaplatin. In contrast, OCTs may be important for mediating cytotoxicity of platinum compounds with organic amine ligands (Table 2A and B). Cell lines that are resistant to cisplatin are cross-resistant to the bis(ammine) complexes carboplatin and nedaplatin but not to the DACH compounds oxaliplatin and tetraplatin, which share a similar activity profile (3, 42) . The contrasting activity profiles of these compounds parallel the differences in their interaction with OCTs, suggesting that interactions with OCT1 and OCT2 may explain, at least in part, disparities in the activities and tumor specificities of platinum complexes.
It is likely that the activity of oxaliplatin in colorectal cancer can be explained, at least in part, by the selective uptake via OCTs. In this study, we detected OCT1 expression in all 20 human colon cancer tissue samples and OCT2 expression in 11 of 20 tissue samples ( Fig. 6; Supplementary Table S2 ). Similar levels of OCT1 were also detected in the six tested human colon cancer cell lines, although OCT2 was not observable ( Fig. 6 ; Supplementary Table  S2) . However, both OCT1 and OCT2 expressions have been detected in another human colon cancer cell line, Caco-2 (23, 26) . The marked differences in OCT2 expression among these tumor samples do not seem to be related to gene amplification or differences in methylation of CpG rich sequences in the promoter region. 4 As has been observed previously (3), sensitivity to oxaliplatin was greater than to cisplatin in each of the six colon cancer cell lines (Table 2C ). The higher activity of oxaliplatin compared with that of cisplatin in these colon cancer cells is probably a consequence of the selective uptake of oxaliplatin mediated by the intrinsic OCT1 in these cells because similar activities of oxaliplatin and cisplatin were observed in these cells when OCTs were blocked by cimetidine (Table 2C) . Based on the expression of OCT1 and OCT2 in the colon cancer tissue samples and the OCT-dependent activity of oxaliplatin in the cell lines, it is reasonable to speculate that these transporters are important determinants of oxaliplatin activity in colorectal cancer. In addition, it is possible that variable expression of OCTs, especially OCT2, may account for the variability in response to oxaliplatin treatment. Further studies are required to determine whether expression levels of OCT1 and OCT2 may be used as markers for the rational selection of oxaliplatin-based versus irinotecan-based or other combination therapies for treatment of individuals with colorectal cancer. Such selection is now primarily based on side effect profiles or clinical experience (46) . Oxaliplatinbased therapy may be a better choice for patients with high levels of OCT1 and OCT2 in their tumor samples. In addition, genotyping for nonfunctional and reduced function polymorphisms of OCT1 and OCT2 may be incorporated in the decision-making process (30, 47) .
Currently, platinum-based therapies are used in the treatment of a variety of tumors, including testicular cancer, ovarian cancer, small cell lung cancer, and head and neck cancers (42) . In these therapies, cisplatin is often the drug of choice because other platinum compounds, such as oxaliplatin, are not superior. However, our studies suggest that when OCT1 or OCT2 is expressed in the tumor, oxaliplatin may be a better choice. Our studies also suggest that, in addition to efflux transporters (48) , influx transporters may play a significant role in determining tumor sensitivity/resistance to anticancer agents (49) . Recently, OCT1 and OCT2 expression has been observed in several human cancer cell lines (26) , suggesting that these transporters may be expressed in the corresponding tumors. The results of this study clearly suggest the need for further investigations to determine whether expression of OCTs can provide a basis for the rational selection of platinum-based therapies.
